We study neutralino production at the linear collider with the subsequent twobody decaysχ 0 i →χ 0 n Z 0 and Z 0 → ℓl, with ℓ = e, µ, τ , or Z 0 → qq with q = c, b. We show that transverse electron and positron beam polarizations allow the definition of unique CP observables. These are azimuthal asymmetries in the distributions of the final leptons or quarks. We calculate these CP asymmetries and the cross sections in the Minimal Supersymmetric Standard Model with complex higgsino and gaugino parameters µ and M 1 . For final quark pairs, we find CP asymmetries as large as 30%. We discuss the significances for observing the CP asymmetries at the International Linear Collider (ILC). Finally we compare the CP asymmetries with those asymmetries which require unpolarized and/or longitudinally polarized beams only.
Introduction
Supersymmetric (SUSY) models predict new particles with masses of the order of a few hundred GeV [1, 2] . Their discovery is a major goal of present and future colliders in the TeV range. In particular, the International e + e − Linear Collider (ILC) [3] [4] [5] [6] [7] , with a center-of-mass energy of √ s = 500 GeV and an integrated luminosity of L = 500 fb −1 in the first stage, will precisely measure the masses and couplings of the SUSY particles when they are kinematically accessible. It has been shown that the underlying parameters of the SUSY model can be determined at the percent level and better [3, [7] [8] [9] . In particular, the option of polarized e + and e − beams [10] at the ILC can yield higher statistics to test models beyond the Standard Model (SM). Transversely polarized beams allow to study additional observables which are sensitive to effects of new physics. These are, for example, models with extra spacial dimensions, specific triple-gauge boson couplings, and also new sources of CP violation [10] .
In the Minimal Supersymmetric Standard Model (MSSM) [1, 2] , the spin-half superpartners of the neutral gauge and CP-even Higgs bosons mix and form the four neutralinos χ 0 i . At tree-level, the neutralino sector of the MSSM is defined by the U(1) Y and SU(2) L gaugino mass parameters M 1 and M 2 , respectively, the higgsino mass parameter µ, and the ratio tan β = v 2 /v 1 of the vacuum expectation values of the two neutral Higgs fields. Besides the sleptons, the superpartners of the leptons, and the charginos, the superpartners of the charged gauge and Higgs bosons, the neutralinos are expected to be among the lightest SUSY particles in many models. The neutralinos will be pair-produced [11] [12] [13] at the ILC 
By measurements of the neutralino masses, cross sections and decay distributions, methods have been developed to determine the parameters of the neutralino sector [14] [15] [16] [17] [18] [19] . If CP is violated, the parameters M 1 = |M 1 | e iφ M 1 and µ = |µ| e iφµ can be complex, while M 2 and tan β can then be chosen real and positive.
In general large values for CP phases in SUSY models lead to theoretical predictions for the electric dipole moments (EDM) of electron, neutron and that of the atoms 199 Hg and 205 Tl, which are close or beyond the current experimental upper bounds [20] [21] [22] . The restrictions on the phases from EDM measurements, however, strongly depend on the SUSY model, see e.g. [23, 24] , and on the scenario [25, 26] . This means that SUSY CP phases of the order one are not ruled out by the present EDM experiments. For an unambiguous determination of the CP phases independent measurements are necessary, e.g., by analyzing CP sensitive observables at colliders, in particular at the ILC.
CP asymmetries with triple products [27, 28] have been analyzed for the production of neutralinos and for their various two-body [29] [30] [31] [32] [33] [34] and three-body decays [18, [35] [36] [37] . It has been pointed out that longitudinally polarized beams can enhance simultaneously the cross sections and the CP asymmetries, such that higher statistics allows to measure even small phases [10] .
In contrast to longitudinally polarized beams, the possibility of transverse beam polarization allows us to define a whole class of new and unique CP sensitive observables. These are asymmetries in the azimuthal distributions of final state particles. In general the transverse polarization of both beams is required, since these asymmetries vanish if only one beam is polarized. CP observables for transversely polarized beams have been studied for the production of selectrons [38] and charginos [39, 40] . For neutralino production, two-body decays have been analyzed:χ
In this work we study CP asymmetries with triple products in neutralino production (1), followed by the decay of one of the neutralinos into the Z 0 bosoñ
for longitudinal and transverse beam polarizations. Due to the Majorana properties of the neutralinos, the angular distribution of the Z 0 boson is independent of theχ 0 j polarization, if the Z 0 polarization is summed [29, 33, [41] [42] [43] . Thus for longitudinally polarized beams, all CP sensitive information is lost. On the other hand, the CP sensitive observables in the reaction (1) with transversely polarized beams require the reconstruction of the neutralino production plane. This can be challenging, since there is not enough kinematical information from energy and momentum conservation in the process e + e − →χ 0 1χ 0 1 Z 0 [34, 41] . Hence in either way, the polarization of the Z 0 has to be included and analyzed by the angular distributions of its decay products. On account of this, we study its leptonic and hadronic decays
We will show that spin correlations between production and decay lead to sizeable CP asymmetries, which do not require the reconstruction of the production plane.
In Section 2, we give the Lagrangians and couplings for neutralino production (1) and decay (2), (3) . In Section 3, we present the analytical formulae for the amplitude squared with polarized beams. We define the CP asymmetries for transversely and longitudinally polarized beams in Section 4. In Section 5, we present numerical results for the CP asymmetries and the cross sections. We compare the CP asymmetries with longitudinal and transverse beam polarizations, and show that transverse beam polarizations can help to determine the phases in the neutralino sector. In Section 6, we give a summary and conclusions. 
Lagrangians and couplings
In the MSSM, neutralino production (1) proceeds via Z 0 boson exchange in the s-channel, and selectronẽ L,R exchange in the t-and u-channels, see the Feynman diagrams in Fig. 1 . The Lagrangians for neutralino production e + e − →χ 0 iχ 0 j and decayχ
with P L,R = (1 ∓ γ 5 )/2. In the photino, zino, Higgsino basis (γ,Z,H
with the weak mixing angle θ W , the weak coupling constant g = e/ sin θ W , e > 0, the electric charge q f and isospin T 3f of fermion f , and the ratio tan β = 
Distributions and cross section
The CP sensitive observables for transversal and longitudinal beam polarizations are asymmetries in the angular distributions of final state particles. They depend on the spin correlations between neutralino production and decay (1)- (3) . The polarizations of the particles can be included using the spin density matrix formalism [44] . In this formalism, the amplitude squared for neutralino production has been calculated at tree level for unpolarized and longitudinally polarized beams [12] , and for transversely polarized beams [34] . The subsequent decay of one of the neutralinos into a Z 0 boson,χ 0 j →χ 0 n Z 0 , followed by Z 0 → ff, has also been calculated in the density matrix formalism [29, 33, 43] . For completeness, we shortly summarize the results in the following.
The amplitude squared for neutralino production (1) and decay (2)- (3) is given by
with the propagators of the decaying neutralinoχ
where Γ Z and Γ χ j are the total decay widths of the associated particles and s Z and s χ j are their invariant masses. The differential cross section then reads
where dLips is the Lorentz invariant phase-space element, given in Appendix B.
The amplitude squared (12) has contributions from neutralino production (P ) and decay (D). The function P is independent of the polarizations of the neutralinos, whereas Σ b P depends on the polarization of neutralinoχ 0 j . The longitudinal polarization of the neutralino is given by Σ 3 P /P , the transverse polarization of the neutralino in the production plane is given by Σ 1 P /P and the polarization perpendicular to the production plane is given by Σ 2 P /P . It is convenient to decompose the functions P and Σ b P into unpolarized (unpol), longitudinally (L) and transversely polarized (T ) contributions of the electron and positron beams:
The quantities P unpol , P L and Σ b P,unpol , Σ b P,L are given in [12] , and the quantities P T and Σ b P,T have been calculated in [34] .
The quantities Σ 
† These terms are also given in [34] , however, there in the terms Σ
with
For a center-of mass energy
√ s far beyond the Z 0 -threshold, the Z 0 -width can be neglected in the propagator ∆(
The kinematical factors in Eqs. (17)- (19) are
where ε 0123 = −1. The e ± polarization vectors t ± are given in Eq. (A.2), and the neutralino polarization vectors are given in Eq. (A.5), for details see Appendix A.
In [34] , the properties of Σ b P,T (16) have been discussed in detail. In contrast to unpolarized and longitudinally polarized beams, it contains no contributions from pure selectron exchange, Σ
T , which is absent for unpolarized and longitudinally polarized beams [12] . In addition, there is no contribution Σ b P (ZZ) T owing to the Majorana character of the neutralinos. Note that in the high energy limit m e / √ s → 0, the neutralino polarization is proportional to the product of transverse beam polarizations Σ b P,T ∝ P
The contributions to the amplitude squared, Eq. (12), from the neutralino decay are
and
Different ways to calculate the squared amplitude |T | 2 for the decay chainχ 0 j →χ 0 n Z 0 , followed by Z 0 → ff , with complete spin correlations in the spin density matrix formalism, have been given in detail in [29, 33, 43] . In contrast to previous calculations, we directly obtain the terms D and Σ 
CP asymmetries
For the combined process of neutralino production and decay (1)-(3), the spin correla-
, allow us to define several CP sensitive observables. These are asymmetries in the azimuthal angular distribution of the final state fermions from the Z 0 boson decay (3). The CP asymmetries are based on different triple product correlations, which we classify in the following according to the beam polarization. We will define CP asymmetries for transversely as well as for longitudinally and/or unpolarized beams.
Transverse beam polarizations
We define a CP observable for transverse beam polarizations which is based on the T-odd correlation
wherep e − is the unit vector of the e − beam,p f the unit vector of the final fermion f in Z 0 → ff , φ f is the azimuthal angle of f , and the constant η = φ + + φ − is the sum of the two azimuthal angles of the polarization vectors of the positron beam, t + , and the electron beam, t − . The equality O T = sin(η − 2φ f ) in Eq. (24) follows from the specific parametrization of the momenta in the center-of-mass system, for their definition see (17)- (19) . The CP asymmetry is then defined by
where the number of events with
With the definition of the cross section, Eq. (14), L dσ = dN, where L is the integrated luminosity, and the amplitude squared (12) with the decompositions of the quantities P and Σ b P , Eqs. (15) and (16), we obtain for the CP asymmetry
summed over b = 1, 2, 3, and with dLips ′ = dLips/(ds χ j ds Z ) (B.1), where we have already used the narrow width approximation for the propagators (B.5). In the numerator of A 
and thus vanishes if one beam is unpolarized.
For the measurement of A T f = −A T f , the charges and the flavors of the final fermions f andf have to be distinguished. For f = e, µ this will be possible on an event by event basis. For f = τ it will be possible after taking into account corrections due to the reconstruction of the τ momentum. For f = q the distinction of the quark flavors should be possible by flavor tagging of the heavy quarks q = b, c [46, 48] . The distinction of the heavy quark charges can be accomplished with very good precision in the case of semi-leptonic decays of the hadrons. For the majority of b and c-jets, it also can be accomplished by the reconstruction of the vertex charge in the cases where the hadrons decay non-leptonically [45, 48, 49] . However, b and c tagging will be essential.
The asymmetry for final quarks A T q is always larger than that for final leptons A 
which follows from Eqs. (22), (23) and (25).
Longitudinal or unpolarized beams
For longitudinal or unpolarized beams, the triple product [36] 
can be used to define the CP asymmetry
This CP asymmetry has been analyzed in detail in [33] . (31), we are often confronted with a situation where large cross sections lead to small asymmetries and vice versa. In order to estimate whether the CP asymmetries can be measured at the ILC, we consider their statistical significances [29, 33, 43] .
Measurability of the CP asymmetries
The significance for the CP asymmetry A T f with transversely polarized beams is defined by
Note that only the unpolarized cross section σ(e + e − →χ 0 iχ 0 j ) unpol appears in Eq. (33), since the cross section is independent of transversal degrees of beam polarizations. We define the statistical significances for the asymmetries
Here, the cross section depends on the degree of longitudinal electron and positron beam polarizations. Note that S T f and S L f , in short S f , are larger for f = b, c than for f = ℓ = e, µ, τ with [29, 33, 43] S b ≃ 7.7 × S ℓ and S c ≃ 4.9 × S ℓ ,
caused by larger asymmetries (28), (33) , and by larger branching ratios BR(
For an ideal detector, a significance of, e.g., S f = 1 implies that A f can be measured at the statistical 68% confidence level. However, the definition of our theoretical significance is based on statistics only, and does not include detector and particle reconstruction efficiencies. Our significances are thus upper bounds to judge on the feasibility to measure the CP asymmetries. In order to predict the absolute values of confidence levels, detailed Monte Carlo analyses including detector and background simulations with particle identification and reconstruction efficiencies would be required. A Monte Carlo analysis for a CP asymmetry in the production and decay of neutralinos with longitudinal polarized beams has been carried out in [35] . However, such an analysis is beyond the scope of the present work. We only estimate how the detection rates for b-and c-quark jets have to be modified. Using vertex detectors, flavor tagging of b-and c-quarks is possible and the corresponding efficiencies and purities have been studied [45] . It has been shown [46] , that b-quarks (c-quarks) can be identified with an efficiency of 50% (50%) at a purity of 90% (80%) for e + e − →at √ s = 500 GeV. This would lead to a reduction of our statistical significance S b (S c ) by a factor of 0.64 (0.57).
Numerical results
We present numerical results for the CP asymmetry A For the calculation of the neutralino widths and branching ratios, we include the two-body decays [29] 
with n = R, L for ℓ = e, µ, and n = 1, 2 for ℓ = τ . The Higgs mass parameter is chosen m A = 1 TeV. With such a high value for m A explicit CP violation in the Higgs sector is not important for the lightest Higgs state H 0 1 [47] . In the stau sector, we fix the trilinear scalar coupling parameter A τ = 250 GeV. To reduce the number of free parameters, we take |M 1 | = (5/3) M 2 tan 2 θ W , inspired by gaugino mass unification. P T (e − ) Table 1 . Phase dependence of (a) the cross section and φ µ = 0. All mass parameters are given in GeV. reaches its maximum of about 36% at φ M 1 = 1.05π and φ µ = 1.8π. The maximum of the asymmetry A T b is close to φ M 1 = π. The reason for this is that the cross section, which is the denominator of the asymmetry, has a minimum there. We remark that the CP asymmetry is asymmetric with respect to the transformations φ M 1 → 2π − φ M 1 and φ µ → 2π−φ µ , while any CP-even observable, e.g. the cross section in Fig. 2a , must be symmetric under these transformations. Fig. 2c shows the dependence of A and φ µ = 0. The maximum value of the asymmetry A T b ≈ ±40% is attained for the maximal degree of polarizations P T (e + ) = ±1 and P T (e − ) = ∓1. In Fig. 2d we show the statistical significance S b , Eq. (33), for an integrated luminosity of L = 500 fb −1 . A measurement of the asymmetry thus requires a high degree of the beam polarizations. In the following we assume that a polarization of 90% for the electron beam, and 60% for the positron beam is feasible, and study the |µ|-M 2 dependence of the asymmetry A and φ µ = 0. The other MSSM parameters are fixed as defined in Scenario A of Table 1 . In Fig. 3b we show the contour lines of the branching ratio BR(χ , φ µ = 0, at √ s = 500 GeV with transverse beam polarizations P T (e − ) = 0.9, P T (e + ) = 0.6. In the gray shaded area m χ Table 1 , with a small value for tan β = 7. In this scenario, the neutralinoχ 0 3 is a strong mixture of gaugino and higgsino components, and BR(χ 
Neutralinoχ
M 2 [GeV] (a) σ(e + e − →χ 0 1χ 0 3 ) [fb] (b) BR(χ 0 3 →χ 0 1 Z 0 ) (c) A T b [%] (d) σ(e + e − →χ 0 1χ 0 1 bb) [fb]
Comparison of transversely and longitudinally polarized beams
In this subsection we compare the asymmetry A In Fig. 6 , we show the phase dependence of the production cross section σ(e + e − → χ Table 1 . The branching ratio BR(χ Fig. 3(b) . Table 1 . 
Neutralinoχ
φ µ [π] φ M1 [π] (a) σ(e + e − →χ 0 1χ 0 3 ) [fb] (b) σ(e + e − →χ 0 1χ 0 1 bb) [fb] (c) A L b [%] (d) S L b = |A L b | √ σ · Lφ µ [π] φ M1 [π] (a) A T b [%] (b) σ(e + e − →χ 0 1χ 0 1 bb) [fb]
Summary and conclusions
We have studied the impact of the CP violating MSSM phases φ M 1 and φ µ on neutralino production e + e − →χ Table 1 .
in general accessible with a larger statistical significance compared to the asymmetry A 
